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Carbon is conventionally not associated with magnetism, and much of the discussion of 
its nanotechnology perspectives appears to be centered on its electron transport 
properties. Among the few existing examples of magnetic carbon production, none has 
found a direct applicability in scalable micro and nano fabrication,1-6 Here we introduce 
a paramagnetic form of carbon whose precursor polymers can be lithographically 
patterned into micro and nano structures prior to pyrolysis. This unreactive and 
thermally robust material features strong room-temperature paramagnetism owing to a 
large number of unpaired electrons with restricted mobility, which is achieved by 
controlling the progression of bond dissociation and formation during pyrolysis. The 
manufacture of this magnetic carbon, having (3.97 ± 0.8) × 1017 spins/ mg, can 
immediately benefit a number of spintronic and magnetic MEMS applications7,8 and also 
shed light on the controversial theories concerning the existence and mechanisms of 
magnetism in carbon.9-11 
Magnetic properties of non-sp3 carbon-based systems have prompted intriguing 
discussions on the possibility of magnetism in carbon in the recent past.1-3,11 There is an 
emerging consensus on the existence of magnetism in sp and sp2 carbon materials, which 
is supported largely by theoretical studies12-14 and a few experimental observations.5,6,15 
Existing techniques for manufacturing magnetic carbon rely on expensive and 
cumbersome fabrication pathways, experience significant processing errors, and are 
mostly limited to laboratory research.15-17 
In the case of graphitic carbons, the presence of π-electrons may lead to orientation-
dependent weak magnetism.11,12 Some recently developed methods that aim at obtaining 
a ubiquitous, direction-independent presence of unpaired electron spins in sp2 carbons 
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rely on inducing radical formation by harsh treatments such as ion irradiation5 or laser 
ablation16 to fabricate, for example, carbon nanofoam.18 Further examples of sp2-rich 
magnetic carbon materials include functionalized carbon nanotubes,19 metallo-
fullerenes,20 highly-oriented pyrolytic graphite,21 and nano-graphite.14 Additional studies 
have been carried out on iron, fluorine and boron implanted graphite22 and graphene,23 
but have provided inconsistent results.24 The extent of magnetization and the type of 
magnetism differ significantly in all these cases. Most of these magnetic carbons can be 
generally classified as either (i) carbon with artificially created dangling bonds, or (ii) 
carbon with a magnetic impurity.  
The fabrication of pyrolytic magnetic carbon (PMC) reported here is a different and 
considerably more robust approach, because instead of inducing dangling bonds or 
adding any magnetic entity, we tune the microstructure of the carbon itself during its 
pyrolysis such that there is a build-up of unpaired electrons. Pyrolysis is a MEMS 
compatible process (used for carbon-MEMS fabrication25) that encompasses heat-
treatment of carbon-rich polymer precursors in an inert environment. The standard 
pyrolysis is carried out at temperatures > 800 oC, which yields an amorphous glass-like 
carbon.26 In this polymer-to-carbon conversion process, 550–700 oC is the temperature 
range where the C–H bonds are broken and the pyrolyzing matrix is rendered highly 
disordered.25 In this transition region the physical, chemical and electronic properties of 
the carbonizing material undergo a sudden and dramatic change due to the formation of a 
high fraction of unsaturated bonds. For PMC fabrication, we performed pyrolysis at 
620 oC to freeze this disordered state of the carbon matrix, thus resulting in a material 
with intrinsic dangling bonds. Magnetism in polymer derived carbons due to unpaired 
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electrons was also noted in the early 1960s,26 however, no follow-up in terms of 
applicability of such materials could be traced. Recently, advanced carbonizable 
photoresists such as epoxy resins have opened up numerous microfabrication 
possibilities,25 and here we have characterized the most popular MEMS compatible 
polymers for their magnetic properties after their conversion into PMC.  
Three polymers, SU-8,25 mr-6000-NIL,27 and polyacrylonitrile (PAN)25 were selected to 
demonstrate that (i) the magnetism in PMC is independent of the chemical composition 
of the starting material, and is not resulting from any impurity (such as photoinitiator 
salts, H or N), (ii) the precursors can be patterned into a variety of shapes by 
photolithography or electrospinning prior to their conversion into PMC. We tested the 
PMC manufacturing method for thin-films, isolated and bulk micro/ nanofibers, and 
powder samples. The magnetic properties of PMC, probed mainly by electron 
paramagnetic resonance (EPR) spectroscopy, were highly consistent for all types of 
samples. 
First, we determined the specific pyrolysis temperature and dwell time (the duration for 
which a sample is maintained at its pyrolysis temperature) that yield PMC with the 
strongest paramagnetic resonance from epoxy-based photoresists. For this purpose, EPR 
was performed on PMC thin-films pyrolyzed in a temperature series spanning the entire 
transition region (550–700 oC). The EPR signal intensities revealed that the highest 
unpaired electron-spin concentration was produced at a pyrolysis temperature of 600–
620 oC (Figure 1 a). Subsequently, the samples pyrolyzed at 620 oC for dwell times 
ranging between 6 minutes to 5 hours were analyzed by EPR. The results, presented in 
Figure 1 b, indicate that a dwell time between 30 to 60 minutes yields PMC with the 
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highest spin concentration. In the work reported here all samples were pyrolyzed at 
620 oC for 1 hour to obtain a high spin concentration while still allowing sufficient time 
for the release of any volatile impurities.  
EPR spectra were obtained for a selection of electrospun or photopatterned PMC 
samples. PMC powder, derived from SU-8, exhibited an intense isotropic signal with a 
peak-to-peak linewidth of ~1 mT, indicating a high radical concentration devoid of any 
noticeable anisotropic interactions (Figure 1 c). PMC nanofibers derived from 
electrospun PAN produced a strong EPR signal with a 0.15 mT linewidth, significantly 
narrower than the bulk SU-8 sample (Figure 1 d). Nanofibers have a rather well defined 
morphology and a lower packing density compared to powder samples, resulting in a 
lower contribution to the EPR linewidth coming from electronic dipolar interactions.28  
PMC may contain 1–2% H impurity,25 which raises the question whether the EPR signal 
results from electrons residing on H atoms. In that case one should observe a 
characteristic hyperfine interaction due to electron spin coupling to the nuclear spin of H. 
To probe the presence of such hyperfine coupling, the mass of the PMC samples was 
reduced, which would concomitantly reduce the large peak linewidth typical of powder 
samples and reveal the hyperfine couplings, if any. The acquired EPR spectra from these 
samples displayed the expected decrease in signal-to-noise ratio, but retained their 
lineshapes (Figures 1 e, f). The absence of any g-tensor anisotropies or hyperfine 
couplings indicates that the EPR signal originates from carbon-associated electrons, and 
not from any impurities. 
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Figure 1. (a) EPR signal (second integral) of PMCs obtained at different pyrolysis temperatures 
ranging between 550-700 oC. (b) EPR signal of PMCs obtained at 620o C at different pyrolysis dwell 
times. (c) EPR spectrum of PMC powder sample, (d) EPR spectrum of PMC nanofibers (bulk), (e) 
EPR spectrum of PMC thin-films, (f) EPR spectrum of isolated PMC fibers. All EPR spectra were 
measured with an X-band spectrometer using a super-high-Q resonator. The microwave power was 
set to 0.6 mW, the conversion time to 163 ms, the number of scans to 3 and the modulation amplitude 
to 0.1 mT.  
a b 
c d 
e f 
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The isotropic g-values for various pyrolysis temperatures obtained from different starting 
materials employing different micro- and nanofabrication methodologies are compiled in 
Table 1. A characteristic free electron g-value of 2.0002 was obtained for all samples 
(within the experimental error). This suggests that the pyrolysis temperature only changes 
the radical concentration, but has no influence on the chemical environment of the 
radicals generated during the process. The highly consistent g-values observed here 
further substantiate the fact that the EPR signals originate from the same chemical entity 
in all samples, i.e., from carbon-associated unpaired electron spins.  
Table 1: g-factors for various magnetic carbon samples 
Polymer Sample type Pyrolysis 
Temperature (oC) 
g- factor 
SU-8 Powder 620 2.0009 ± 0.0006 
 
Isolated nanofibers on Si 620 2.0002 ± 0.0006 
 
PAN Bulk nanofibers 620 2.0002 ± 0.0006 
 
Isolated nanofibers on Si 620 2.0002 ± 0.0006 
 
mr-NIL-6000 Thin-film on Si 
550 2.0002 ± 0.0006 
 
570 2.0000 ± 0.0006 
 
590 1.9999 ± 0.0006 
 
600 1.9996 ± 0.0006 
 
620 1.9998 ± 0.0006 
 
650 2.0002 ± 0.0006 
 
700 2.0002 ± 0.0006 
 
900 2.0007 ± 0.0006 
 
 
Typical fitted first integrals of the EPR spectra of PMC exhibit a near-perfect Lorentzian 
lineshape with negligible Gaussian contributions (Figure 2 a). This again confirms that 
the material has a high degree of homogeneity in terms of the distribution of the spins, 
and rules out the existence of any hyperfine couplings and/ or g-anisotropies. 
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Figure 2. Magnetic and microstructural characterization of PMC (a) Typical fitted first integral of 
EPR signal for PMC. (b, c) Free Induction Decay of PMC for T2 and T1 calculations respectively, (d) 
Raman spectrum of PMC. (e, f) Magnetic susceptibility curves for PMC: (e) Field-cooled and zero-
field-cooled magnetic carbon samples at 0.01 and 0.2 T, (f) magnetization curves obtained at 2 K and 
300 K. Inset: a close-up plot of the hysteresis loops near the plot origin. All diamagnetic contributions 
from the sample holder and any diamagnetism from the sample itself have been subtracted from the 
data points of plot (f). 
a b 
c d 
e f 
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The electron spin-lattice and spin-spin relaxation times (T1 and T2, respectively) of PMC 
at room temperature were determined by analyzing the peak-to-peak EPR linewidths as a 
function of the microwave power28 (Table 2). Evidently, the relaxation times for PMC are 
quite short. To obtain T2 at lower temperatures, a free induction decay (FID) after a π/ 2 
pulse for powder samples was acquired at 80 K. The temperature dependence of T1, was 
evaluated by inversion recovery experiment.28 The FID for T2 and T1 were fitted using a 
mono- and double-exponential decay respectively (Figures 2 b, c). As expected, at 80 K, 
T2 remains mostly unchanged (23 ns), while T1 increases to ~270 ns. These observations 
are indicative of strong spin-spin exchange interactions within the material, which are 
possible because of the high radical concentration [(3.97 ± 0.8) × 1017 spins/ mg]. 
Table 2: Electron T1 and T2 relaxation times for PMC obtained at room-temperature from various 
PMC samples 
Sample type  Unsaturated peak-to-
peak linewidth (mT) 
T1  (ns) T2 (ns) 
Thin-film (mr-6000-NIL) 0.311 ± 0.001 17.87 ± 0.04 21.13 ± 0.05 
Nanofibers bulk (PAN) 0.450 ± 0.001 25.87 ± 0.03 14.60 ± 0.02 
Powder (SU-8) 1.120 ± 0.001 19.53 ± 0.02 58.46 ± 0.05 
 
To investigate the microstructure of PMC, a Raman spectrum for the powder sample was 
obtained. As it can be observed in Figure 2 d, the spectrum is broad and nearly featureless 
in the range from 0 to ~3700 cm-1 wavenumbers, devoid of any characteristic C–C 
stretching peaks for disordered or graphitic carbon moieties (D and G bands at ~1350 and 
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1680 cm-1 respectively). Other plausible Raman peaks in disordered carbons29 were also 
not detectable. The contributions from sp2 carbon atoms in the spectrum are 
comparatively small and thus the material is expected to be mainly composed of sp 
hybridized, or possibly unhybridized (ground state) carbon atoms. While a long 
excitation wavelength (λ = 1064 nm) was used to excite the sample during the Raman 
spectroscopic study to avoid any fluorescence in the visible region, one cannot rule out 
the possibility of absorption of the infrared wavelengths by the material. If Raman 
scattering is induced close to such electronic transitions, the associated emissions may 
mask parts of the Raman spectrum.  
PMC was also subject to magnetic susceptibility measurements to test its characteristic 
magnetic response at various applied magnetic fields and temperatures. Magnetic 
susceptibilities extracted from the zero-field-cooled (ZFC) and field-cooled (FC) 
magnetization measurements are plotted as a function of the temperature in Figure 2 e. At 
B = 0.01 T, one observes a clear splitting between the ZFC and FC curves, while at B = 
0.2 T the two curves are virtually identical. At both field strengths a steep monotonic 
decrease of χ on increasing the temperature from 4 to 10 K was observed, which is 
attributed to the fraction of paramagnetic centers in PMC, i.e., the component originating 
from the localized electrons on carbon radicals. 
The subsequent increase in the magnetization above T = 10 K in the 0.01-T ZFC curve 
and the intersection of ZFC and FC curves at 300 K can be rationalized assuming the 
presence of magnetically correlated electron spins within nano-sized regions. This 
fraction of interacting spins in bulk PMC may exhibit either a superparamagnetic 
behavior with a blocking temperature above 300 K and a broad distribution of anisotropy 
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energy barriers, or a partly-frustrated magnetic order with a glass temperature close to 
room temperature. The sudden increase in the ZFC magnetization curve between 10 K 
and 25 K is indicative of a currently unknown additional phenomenon. 
The hysteresis loops at 300 K and 2 K (Figure 2 f) support the hypothesis of a not entirely 
paramagnetic phase: the curve at 300 K shows saturation at an applied magnetic field of 
approximately 0.5 T, whereas at 2 K the magnetization reaches saturation at 4 T. This is 
consistent with the paramagnetic component being dominant at low temperatures, while 
at high temperatures the behavior is closer to that of a ferromagnet or a superparamagnet. 
Values for the coercive field are BC = 4.5 mT and BC = 7.5 mT at T = 300 K and 
T = 200 K, respectively (see inset of Figure 2 f). The finite but low values found for BC 
are in line with values typically recorded for assemblies of superparamagnetic clusters.30 
Further investigations to better understand this superparamagnetic-like behavior in PMC 
are ongoing. 
EPR measurements were also performed on a powder sample kept under 5 mbar pressure 
at 120 oC for 4 hours to ensure that the signal does not result from adsorbed molecular 
oxygen. The EPR signals for the same sample before and after degassing were almost 
identical. In addition, this experiment revealed the stability of PMC’s magnetic properties 
during extended high-temperature exposure, a quality that is highly desirable for MEMS 
fabrication, where multiple processing steps at elevated temperatures are inevitable. 
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Figure 3. Electron microscope images and pictorial model of PMC (a) HR-TEM image (inset: 
electron diffraction pattern) of SU-8 derived PMC powder. (b) Proposed model of the atomic 
arrangement in magnetic carbon. The dangling bonds are represented in red color. (c, d) SEM 
micrographs of test patterns fabricated in PMC. 
The high-resolution transmission electron microscope (HR-TEM) investigations of PMC 
revealed a primarily amorphous structure with a minor ordered component at the edge 
(Figure 3 a). The diffraction pattern (inset of Figure 3 a) suggests that the material is 
highly amorphous and does not feature any long-range order. Based on the Raman and 
the HR-TEM data, we propose a pictorial model for the atomic arrangements in PMC as 
a b 
c d 
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illustrated in Figure 3 b. Finally, photopatterned SU-8 test structures were converted into 
PMC in order to demonstrate its MEMS fabrication capabilities (Scanning Electron 
Microscope images in Figures 3 c, d).  
In summary, we have developed a novel, paramagnetic form of carbon through a facile 
wafer-scale process via the low-temperature pyrolysis of lithographically patterned 
precursor polymers. The fabrication techniques for PMC are not limited to 
photolithography and electrospinning; one can also pattern the precursor polymers using 
nano-imprint lithography, two-photon lithography, soft-lithography etc., on a variety of 
substrates. PMC can be of a great value to researchers investigating the mechanism of 
carbon magnetism, as well as to those who envision fascinating engineering applications 
with magnetic carbon. 
Experimental methods 
Fabrication 
SU-8 (MicroChem, MA, USA) or mr-6000-NIL (micro resist technology GmbH, 
Germany) was photopatterned onto a Si substrate. Alternatively, a 10% solution (by 
weight in dimethylformamide) of PAN (Sigma Aldrich) was electrospun to obtain the 
desired nanofibers. These samples were heated in a tube furnace (Carbolite Gero GmbH, 
Germany) under 0.8 L/min flow of N2 to various reported pyrolysis temperatures at a 
ramp rate of 5 oC/min. The samples were maintained at their respective pyrolysis 
temperatures for 1 hour and were naturally cooled to room temperature before further 
analyses. 
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EPR 
EPR measurements were carried out on a Bruker EMX X-Band spectrometer at a 
microwave frequency of ~9.4 GHz and a magnetic field around 350 mT, with a 4122-
SHQ-E BRUKER microwave resonator. For temperature control a Bruker ER4131VT 
digital temperature control system with controllable temperature range from 100 K to 
500 K was used. The microwave power was set to 0.6 mW and the magnetic-field 
modulation amplitude was 0.1 mT. For the relaxation time measurements EPR spectra 
were recorded at different microwave attenuations ranging from 15 to 51 dB 
(corresponding to microwave powers of 6315 to 1.586 µW) in 3-dB-steps for all samples. 
The resonator quality factor was 5400 in all measurements. The pulsed EPR 
measurements were carried out on a ELEXSYS E580 spectrometer equipped with a 
Bruker X-MD4 resonator. For determining the spin concentration, numerical integration 
of the PMC EPR signal was compared with that of a CuSO4 standard recorded at the 
same temperature. 
Fit functions 
The fit function used in Figure 2 a (Lorentzian and Gaussian fraction quantification of the 
first integral of the EPR signal) was a Voigt function. For the relaxation times (Figures 
2 b, c), we used mono- and double-exponential decay functions.  
Microstructural characterization and imaging 
HR-TEM images and diffraction patterns for the suspension of PMC powder in deionized 
water were obtained on a Philips CM200 FEG/ST TEM system. A Bruker VERTEX 70 
Raman spectrometer equipped with FTIR was used for analyzing a powdered PMC 
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sample. SEM images of the photopatterned PMC structures were acquired on a Phenom 
ProX Desktop SEM system. 
SQUID Magnetometer 
Static magnetic measurements were performed on a MPMS-XL7 Quantum Design 
superconducting quantum interference device (SQUID) at applied static magnetic fields B 
= 10 mT and B = 200 mT, in the temperature range 2-300 K. The hysteresis loops were 
recorded within the field range –5 < B < 5 T at temperatures T = 2 K and T = 300 K. The 
diamagnetic contribution from the sample holder was subtracted from all magnetization 
measurements. 
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